Leica). Bright field microscope was used to measure the height of the cilia exposed to mucus/mucus simulants of various concentrations. The dependence of osmotic pressure of the endogenous mucus/mucus simulants on their concentration was measured using a custom-designed membrane osmometer (47) and then their osmotic moduli were calculated. In experiments measuring the osmotic pressure of endogenous mucus on HBE cells, excised culture membranes were positioned directly on the osmometer's membrane, in the absence of exogenous fluid (37) .
Human tissue procurement and cell culture. Tissues and cells were provided by the Cystic
Fibrosis (CF) Center Tissue Core Facility of the University of North Carolina at Chapel
Hill under the auspices of protocols approved by the Institutional Committee on the protection of the rights of human subjects. HBE cells from non-CF lungs are harvested by enzymatic digestion as previously described (48) . Disaggregated human bronchial epithelial (HBE) cells are seeded on 12 mm diameter Transwell Clear supports (Corning Costar, Cambridge, MA) at a density of 2.5×10 5 cells/cm 2 in a well-defined airway cell media (48) . Cultures are maintained at an air-liquid interface until fully differentiated (∼ 4 weeks).
Transmission electron microscopy (TEM). Samples for electron microscopy were obtained from cryopreserved HBE cell cultures. Cryopreservation was used to maintain native conformation of mucus layer, periciliary layer (PCL), plasma membranes, and cilia. Cell sections were examined using a FEI/Phillips Tecnai 12 (FEI Company, Hillsboro, OR) TEM at 80 kV with a 1k×1k CCD camera (Gatan, Pleasanton, CA) to assess their structure at a submicron level.
Antibodies. Monoclonal antisera against MUC1 mucin was purchased from Fujirebio Diagnostics, Inc. (Japan), an antibody that recognizes a sialylated carbohydrate epitope expressed on the MUC1 mucin. Rabbit polyclonal antibody against MUC4 mucin was produced in our laboratory using a specific synthetic peptide located in the type D domain of von Willebrand factor (vWF-D) (49).
Immunohistochemistry. Human specimens were obtained postmortem from non-smoking patients. Intermediate-size airways were dissected and fixed in paraformaldehyde.
Paraffin-embedded sections were dewaxed and hydrated. Antigens were retrieved by An osmotic membrane with 10 kDa molecular weight cutoff (MWCO), which has pore diameter about 2.8 nm extrapolated from the data in ref. (50) , was used for measuring the osmotic pressure of mucus simulants. In each measurement, 0.2 ml of the mucus simulant was placed into the fluid chamber, allowing it to come into contact with the pressure transducer. The steady-state osmotic pressure of a mucus simulant with a given concentration was recorded.
The above system was modified to measure the osmotic pressure of endogenous mucus accumulated on the surface of HBE cultures, using the approach for measuring oncotic pressures from excised tissue samples (37) . For instance, 2% solids is equivalent to 0.01 g/ml.
In all experiments, the osmotic moduli of mucus simulants (dextran and agarose) and endogenous mucus were calculated from the concentration dependence of osmotic pressure using equations presented in Supplementary Text.
Measurements of the permeability of PCL using confocal microscopy. 
Supplementary Text
Osmotic modulus. The osmotic modulus Κ of a solution defined as
describes the rate at which its osmotic pressure π changes with concentration c. Typically osmotic pressure of polymer solutions in a good solvent can be described by the crossover phenomenological equation (32) ( ) ( )
where N Av is the Avogadro number, k B is the Boltzmann constant, T is the absolute temperature, M n corresponds to the number average molar mass of polymer, and c * is the polymer overlap concentration. Therefore, the osmotic modulus Κ defined by eq. S1 is ( ) ( )
Dextran. We have measured the osmotic pressure π of dextran solutions at concentrations ranging from dilute to semidilute regime, in which dextran molecules are overlapping with each other (32) . The dependence of dextran osmotic pressure on solution concentration was fitted by eq. S1 (see thin solid red line in fig. S1 ):
The value of exponent α= 2.25 is in perfect agreement with previous study (52) . Equation Mucus. The osmotic modulus of mucus was determined from the concentration dependence of mucus osmotic pressure. We observed two regimes of the concentration dependence of mucus osmotic pressure. Within the low concentration regime (from ∼0.02 g/ml to ∼0.06 g/ml), the osmotic pressure of mucus has a linear dependence on concentration π~c. In the high concentration regime (from ∼0.08 g/ml to ∼0.14 g/ml), the osmotic pressure increases as a higher power of concentration π~c β , where β=2.21±0.17. Since there is a sharp crossover between these two dependencies, we used a modified crossover expression 4 Pa/(g/ml) and crossover concentration c * =0.081±0.019 g/ml. The fit of the mucus osmotic pressure to eq. S10 is shown in fig. S1 (thick solid green line).
Osmotic modulus (defined by eq. S1) of native mucus is calculated using eq. S10 ) and is depicted by the thick dashed green line in the insert in fig. S1 . This expression of the osmotic modulus of mucus was used to construct the plot (Figs. 4B, 5E ) of the dependence of PCL and cilia heights on mucus osmotic modulus.
PCL penetration analysis. The mesh size of PCL in living HBE cultures was determined from the measurements of the penetration depth into the PCL by fractionated fluorescently-labeled probe molecules (e.g. dextrans) of well-defined sizes following the addition of dilute solution of these probe molecules to the luminal side of HBE cultures.
The results are reported as the dependence of penetration depth (distance from the epithelial cell surface) on the weight average hydrodynamic diameter of probe molecules.
The penetration depth was measured as the average thickness of the red zone in the confocal images (see Fig. 3B ).
Note that each fraction of probe molecules obtained by size exclusion chromatography is not perfectly monodisperse. The reported size corresponds to the weight average hydrodynamic diameter of each fraction. To rationalize this protocol we compare the results obtained by using the weight average hydrodynamic diameter with the analysis that takes into account the actual distribution of dextran sizes (the "full profile analysis"). Below we demonstrate that the results obtained from these two methods are in reasonable agreement with each other within the error of our measurements.
The basic assumption of "full profile analysis" is that probe molecules can freely 
shown by the solid green line in fig. S2C .
This normalized concentration S(d)
corresponds to the weight fraction of molecules that are able to penetrate mesh of size ξ≈d and, therefore, is proportional to the fluorescent intensity of this fraction of probe molecules in the PCL.
We measured the fluorescent intensity (concentration) of probe molecules in the PCL as a function of distance from the cell surface. The normalized fluorescent intensity at distance z from the cell surface is denoted by Q(z) and shown by the green plot in fig.   S2D . The cell surface is determined by the lower bound of the penetration of small (weight average hydrodynamic diameter <d> w ∼ 2 nm) red dextran molecules (see extrapolation of the red curve to Q(z=0) = 0 in fig. S2D, and fig. S4 ).
Our shown by solid squares in fig. S2E and the best fit to this profile is presented by the solid line (eq. S14) with z 0 =6.9±0.8 µm and ξ =15.0±3.7 nm. These results indicate that the penetration profile obtained using the weight average molecular size is in agreement with that using "step function profile analysis" within the error of our measurements.
In the above we assumed that probe molecules of a particular size d in each fraction follow a "step function" distribution in the PCL. In fact, probe molecules with γ (55) . Here the exponent γ depends on the type of the probes and solvent quality. For a solid probe particle γ=3, for a linear flexible polymer γ=5/3 in a good solvent and γ=2 in a theta solvent (32) , and for a randomly branched polymer γ=2 in a good solvent (54) and γ=16/7 in a theta solvent (53) . Therefore, the distribution P(z) of probe molecules with size d in the PCL at distance z smaller than z d
The results obtained from "profile analysis" by considering dextran as a randomly branched polymer in a good solvent (γ=2) (52) are shown by the blue symbols in fig.   S2F . The best fit of eq. S14 to these data is shown by the blue dash-dotted line with z 0 =6.9±0.4 µm and ξ =15.0±2.0 nm, which is in good agreement with the results of analysis using the "step function" approximation, shown by the green symbols and the green dashed line in fig. S2F . Furthermore, considering dextran as a solid particle (γ=3) leads to almost identical results (z 0 =6.9±0.4 µm and ξ =15.8±2.1 nm; red symbols and red solid line in fig. S2F ). The fitting parameters z 0 and ξ of eq. S14 to the results from different types of analysis are listed in table S1. As clear from table S1, all methods of profile analysis agree with each other within experimental error bars.
Mesh size distribution in the periciliary layer. As illustrated in fig. S3A , the PCL is modeled as an array of cylindrical brushes, in which each brush consists of a cylindrical core (cilium) and grafted polymers (tethered macromolecules), shown in fig. S3B . A single cilium brush in an unperturbed state is shown in fig. S3C , in which R cilium is the radius of the cylinder (cilium) and the thickness L 0 is defined as the average distance from the center of the cylinder to the free ends of tethered macromolecules. The mesh size (correlation length) ξ(r) in an unperturbed cylindrical brush at distance r from the center of the cylinder is related to the grafting density σ of the macromolecules to the surface of the cilium as (56) ( ) ( ) ( )
which is shown by fig. S3C and the dashed line in fig. S3E . The volume fraction profile of tethered macromolecules is
where ν is Flory exponent depending on solvent quality (for a theta solvent ν=1/2 and for a good/athermal solvent ν=3/5) (32) and b corresponds to the Kuhn length of polymers.
Here ν=3/5 is used as the physiological solutions are good solvent for macromolecules like mucins. The volume fraction profile (eq. S17) can be rewritten in terms of the distance r from the center of the cylinder
Lateral distribution. The mesh size of a single cylindrical brush in its unperturbed state increases as a power law of distance r from the center of the cylinder (eq. S16 and dashed line in fig. S3E ) due to the steric repulsion between tethered macromolecules. Such nonuniform lateral distribution of mesh sizes could lead to a non-uniform lateral distribution of probe molecules and hence their fluorescent intensity. It will be shown below that the compression of cylindrical brushes ( fig. S3C ) due to the confinement by the neighboring cilia leads to an almost uniform lateral distribution of mesh sizes and therefore probe molecules.
The thickness of a cylindrical brush decreases under compression from its unperturbed thickness L 0 to a smaller value L, shown in fig. S3C , D. The volume occupied by the grafted polymers is reduced and thus the lateral polymer concentration increases (mesh size decreases). The increase of the lateral polymer concentration, however, only occurs at distance r larger than certain crossover value r c , illustrated in fig.   S3D and by the solid line in fig. S3E . In the region with distance r smaller than r c the concentration profile is almost unperturbed following the same power law as eq. S18.
The lateral concentration (mesh size) profile at distance r larger than r c is uniform with the value on the order of ξ(r c ) (eq. S18) corresponding to the unperturbed concentration From the expression of φ(r) (eq. S18) one obtains the relation between the compressed brush thickness L and the crossover distance r c ( )
The compression ratio defined as the ratio between the volumes occupied by the tethered polymers after and before compression , the required pressure to bend a cilium is on the order of 700 Pa, which is within the range of our experimental measurements (P cc = 800 ± 120 Pa, see Fig. 6E ).
However, one should note that effective compression of the cilium requires the pressure difference between its top and bottom sides. The mechanism of cilia bending under high osmotic compression is the subject of our current investigation. Fig. S1 . Osmotic pressure and modulus of mucus simulants and native mucus. Red squares: osmotic pressure of dextran solutions in PBS at room temperature; thin solid red line corresponds to dependence of osmotic pressure on solution concentration predicted by eq. S4. Blue triangles: osmotic pressure of agarose solutions in PBS; medium solid blue line is the best fit of the concentration dependence of agarose solution osmotic pressure (eq. S8). Green circles: osmotic pressure of native mucus; thick solid green line-best fit of mucus osmotic pressure (eq. S10). Insert: thin dashed red linecalculated osmotic modulus of dextran solutions (eq. S7); medium dashed blue linecalculated osmotic modulus of agarose solution (eq. S9); thick dashed green linecalculated mucus osmotic modulus (eq. S11). Note that the concentrations of mucus are all within the physiological range. (62)). The overlap between the penetration for the 3 kDa red dextran and that for green Rhodamine 110 into the PCL, shown by the yellow zone, suggests that the 3 kDa red dextran can also reach the cell surface. This is further demonstrated by the overlap of the normalized intensity profiles for both the red dextran and green Rhodamine molecules. 
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